EZH2 is a Polycomb group (PcG) protein that promotes the late-stage development of cancer by silencing a specific set of genes, at least in part through trimethylation of associated histone H3 on Lys 27 (H3K27). Nuclear inhibitor of protein phosphatase-1 (NIPP1) is a ubiquitously expressed transcriptional repressor that has binding sites for the EZH2 interactor EED. Here, we examine the contribution of NIPP1 to EZH2-mediated gene silencing. Studies on NIPP1-deficient cells disclose a widespread and essential role of NIPP1 in the trimethylation of H3K27 by EZH2, not only in the onset of this trimethylation during embryonic development, but also in the maintenance of this repressive mark in proliferating cells. Consistent with this notion, EZH2 and NIPP1 silence a common set of genes, as revealed by gene-expression profiling, and NIPP1 is associated with established Polycomb target genes and with genomic regions that are enriched in Polycomb targets. Furthermore, most NIPP1 target genes are trimethylated on H3K27 and the knockdown of either NIPP1 or EZH2 is often associated with a loss of this modification. Our data reveal that NIPP1 is required for the global trimethylation of H3K27 and is implicated in gene silencing by EZH2.
Introduction
The Polycomb Group (PcG) proteins were originally discovered in Drosophila as repressors of the homeotic genes (Cao and Zhang, 2004a; Ringrose and Paro, 2004) . In mammals, the PcG proteins are implicated in the silencing of genes that are important for embryonic development, cell proliferation and differentiation Bracken et al., 2006; Lee et al., 2006) . In addition, mammalian PcG proteins are involved in X-chromosome inactivation and the imprinting of autosomal loci (reviewed in Cao and Zhang, 2004a) . PcG proteins form two major multimeric complexes, known as the Polycomb Repressive Complexes (PRC) 1 and 2 (Ringrose and Paro, 2004) . The PRC2 complex consists in mammals of a core of the proteins EZH2, EED, SUZ12 and, at least with some purification procedures, also RbAp46/48 and AEBP2. EZH2 functions as a methyltransferase for Lys27 of histone H3 (H3K27). Trimethylated H3K27 serves as a binding site for the chromodomain-containing Polycomb protein, a component of PRC1. This binding would stabilize the PcG complex and cause gene repression (reviewed by Schwartz and Pirotta, 2007) . The PRC1 complex ensures the maintenance of gene repression by mechanisms that are not yet completely understood but may involve such diverse processes as the blocking of SWI/ SNF-chromatin remodeling complexes (Shao et al., 1999) , the inhibition of the transcription-initiation machinery (Dellino et al., 2004) and/or the ubiquitylation of histone H2A on K119 ). An additional mechanism for PRC-mediated gene silencing involves the recruitment of DNA methyltransferases by EZH2 to specific target genes (Vire´et al., 2006) . A further layer in the complexity of gene regulation by EZH2 comes from the recent finding that this PRC2 component also functions as a transcriptional activator by a mechanism that does not require its catalytic domain (Shi et al., 2007) .
PRC2 components have been implicated in the development of cancer (Sparmann and van Lohuizen, 2006) . For example, SUZ12 is overexpressed in colon and breast cancers (Kirmizis et al., 2003) . EZH2 is upregulated in many cancers, including Hodgkin lymphoma, prostate and breast cancer (van Kemenade et al., 2001; Bracken et al., 2003; Kleer et al., 2003) . Moreover, EZH2 expression is associated with poor prognosis and is an indication for the metastatic character of the disease (Varambally et al., 2002) . Intriguingly, in human tumors the PRC2 complex has a different substrate specificity and contains a distinct EED isoform as well as the sirtuin histone deacetylase (Kuzmichev et al., 2005) .
Nuclear inhibitor of protein phosphatase-1 (NIPP1), encoded by the PPP1R8 gene, is a ubiquitously expressed protein in metazoans and plants but not in yeast (Ceulemans et al., 2002) . The knockout of NIPP1 in mice is embryonic lethal before gastrulation and NIPP1 À/À cell lines are not viable . NIPP1 binds in vivo to protein Ser/Thr kinase MELK (Vulsteke et al., 2004) and protein Ser/Thr phosphatase-1 , but the physiological implication of these interactions is not known. In addition, NIPP1 interacts with RNA and the essential pre-mRNA splicing factors CDC5L and SAP155 (Jagiello et al., 1997; Jin et al., 1999; Boudrez et al., 2000 Boudrez et al., , 2002 . Consistent with the latter findings, NIPP1 was reported to be associated with nuclear storage sites of splicing factors as well as with spliceosomes, the RNA-protein complexes that catalyse pre-mRNA splicing . Furthermore, NIPP1 is required for a late step of spliceosome assembly in nuclear splicing extracts. Interestingly, NIPP1 also interacts with the PRC2 component EED and functions as a transcriptional repressor in transient transfection assays by a mechanism that does not require functional interaction sites for CDC5L, SAP155, MELK or PP1 (Jin et al., 2003) .
In the present study we show that NIPP1 is essential for PRC2-mediated gene silencing. We demonstrate that NIPP1 is necessary for the initiation and maintenance of global H3K27 trimethylation in vivo and that NIPP1 and EZH2 silence a common set of genes. Moreover, we show that NIPP1 is associated with Polycomb target genes and is required for the trimethylation of the associated nucleosomes on H3K27.
Results

NIPP1 is required for the global trimethylation of H3K27
To delineate the importance of NIPP1 for PcGmediated gene silencing in vivo, we first examined the effect of a loss of NIPP1 on the trimethylation of H3K27. Since the knockout of NIPP1 in mice was embryonic lethal between 6.5 and 7.5 dpc (days postcoitus) and NIPP1 NIPP1 is required for gene silencing by PcG proteins M Nuytten et al at 6.5 dpc (not illustrated). Immunofluorescence studies revealed that the trophoblast giant cells of outgrowths of NIPP1 À/À blastocysts had a normal level of EZH2 (Figure 1a ), but were severely deficient in H3K27Me3 (Figure 1b) . The level of H3K27Me3 in NIPP1 À/À trophoblast giant cells only amounted to 19.471.9% (n ¼ 21) of that in control cells (n ¼ 21), as detected by fluorescence intensity analysis, using the histogram function of the LSM510 microscope. In contrast, the trimethylation of histone H3 on Lys9, which is also associated with gene silencing but is not mediated by the PRC2 complex, was not affected in the NIPP1 À/À outgrowths ( Figure 1c ). Consistent with these data, immunostainings of sections from paraffin-embedded 6.5 dpc embryos revealed a decreased trimethylation of H3K27 in the NIPP1 À/À embryos, as compared to that of the wild-type E6.5 embryos, whereas the surrounding maternal tissue in the NIPP1 À/À embryos remained unaffected (not shown). Since it has been demonstrated that EZH2 can be inactivated through phosphorylation of Ser21 by protein kinase B (Cha et al., 2005) , we wondered whether the deficient trimethylation of H3K27 in NIPP1
À/À cells could perhaps be explained by the hyperphosphorylation of EZH2 on Ser21. This was a particularly attractive hypothesis because NIPP1 is associated with protein phosphatase-1 and PP1 interactors often function as substrate-targeting subunits (Ceulemans and Bollen, 2004) . If NIPP1 would target EZH2 for dephosphorylation by associated PP1, a loss of NIPP1 would be expected to result in the hyperphosphorylation of EZH2. However, using phospho-Ser21-specific EZH2 antibodies (Cha et al., 2005) , we could not detect a different phosphorylation level of EZH2 in outgrowths of NIPP1 wt and NIPP1
À/À blastocysts ( Figure 1d ). Since it has been shown that the inactive X-chromosome (Xi) is enriched in H3K27 trimethylation and that EZH2 and EED are recruited to the Xi (Plath et al., 2003; Silva et al., 2003) , we have also examined by immunostainings whether NIPP1 was present on the Xi. While we did see that EZH2 was enriched on the Xi in female trophoblast giant cells, this was clearly not the case for NIPP1 (Supplementary Figure S1) , indicating that NIPP1 may not be implicated in X-inactivation.
The above data indicated that NIPP1 is needed for the initiation of H3K27 trimethylation during early embryonic development. To test whether NIPP1 is also required for the maintenance of H3K27 trimethylation in cultured cells, we performed an RNAi-mediated knockdown of NIPP1 in PC-3 ( Figure 2 ) and U2OS cells (not shown), which are prostate cancer and osteosarcoma cells, respectively. The RNAi-mediated knockdown of NIPP1 in PC-3 cells was associated with growth inhibition, as evidenced by the lower number of cells ( Figure 2a ) and by MTT cell proliferation assays (not shown), and is in accordance with the established role of NIPP1 in cell proliferation . A growth inhibition was also observed following the knockdown of EZH2 (Figure 2a Figure 2b ) and protein levels (Figure 2c ), and vice versa. However, the knockdown of either NIPP1 or EZH2 resulted in a decreased trimethylation of H3K27 (Figure 2d ), which was quantified by scanning of immunoblots to 5075% (n ¼ 4) and 2775% (n ¼ 3) of the level in control cells, respectively. In contrast, the loss of NIPP1 or EZH2 had no clear effect on the di/trimethylation of H3K4 and H4K20, which represent PcGindependent marks of active and inactive chromatin, respectively ( Figure 2d) . Collectively, the above data strongly suggest that NIPP1 has a widespread and essential function in the trimethylation of H3K27 by PRC2, both during development and in cultured cells.
NIPP1 and EZH2 contribute to the silencing of a common set of genes Since both NIPP1 and EZH2 turned out to be essential for global H3K27 trimethylation, a key step in the PcGmediated silencing of genes, we performed microarray analyses to find out whether the loss of NIPP1 or EZH2 results in the upregulation of a common set of genes. In four independent experiments, PC-3 cells were transfected with either control siRNA or siRNA duplexes for the knockdown of either EZH2 or NIPP1. To minimize indirect effects, RNA was already isolated 48 h after transfection. At this time, the knockdown of NIPP1 or EZH2 was verified by quantitative RT-PCR and amounted to 7377 and 8273% (n ¼ 4), respectively (not illustrated). The isolated RNA pools were labeled with a fluorescent dye and were hybridized onto Whole Human Genome Oligo microarrays from Agilent (Santa Clara, CA, USA). These chips contain ca. 44 000 60-mer oligonucleotides, 26 902 of which mapped unambiguously to ca. 17 000 annotated genes. Using paired SAM (significance analysis of microarray) (Tusher et al., 2001) , we identified 1622 and 2072 genes with an expression level that differed significantly (Po0.05) between NIPP1 and EZH2 knockdowns, respectively, and the siRNA control (Supplementary Tables S1 and  S2 ). At the more stringent P-value cutoff of 0.01, the loss of NIPP1 or EZH2 resulted in the significant upregulation of 281 and 319 genes, and the downregulation of 409 and 175 genes, respectively ( Figure 3c ). The successful knockdown of NIPP1 or EZH2 was confirmed by their microarray readings, and NIPP1 and EZH2 did not repress each other (Figure 3a) . Strikingly, the majority of the 50 genes with the highest increase in expression after the knockdown of NIPP1, was also upregulated following the knockdown of EZH2 (Figure 3b ). By contrast, the 50 genes that were the most negatively affected by a loss of NIPP1 were only occasionally downregulated after an EZH2 knockdown. In total, 121 (43%) of the genes that were significantly (Po0.01) upregulated after a knockdown of NIPP1 also displayed a significantly (Po0.01) increased expression after a loss of EZH2 (Figure 3c ). However, only 25 (6%) of the genes that were significantly repressed by the knockdown of NIPP1 were also significantly downregulated following the loss of EZH2. Figure 3c also shows that there is a large group of genes (384 genes, Po0.01) that are downregulated following the knockdown of NIPP1 but are not significantly affected by the knockdown of EZH2.
As illustrated by a residual plot (Figure 3d ), the linear regression after log 2 transformation of the EZH2 knockdown to control ratios in function of NIPP1 knockdown to control ratios for all data points with significantly altered expression after an NIPP1 knockdown, supported separate regression studies of the upregulated and downregulated genes. In these separate analyses, the genes that were significantly upregulated by a loss of NIPP1 tended to be proportionately affected by a knockdown of EZH2, in contrast to the downregulated genes (r ¼ 0.5970.01 and r ¼ 0.0170.01, respectively, with 95% confidence interval boundaries defined by a Fisher's z-test; Figure 3e ). In summary, our microarray data indicate that NIPP1 and EZH2 silence a common set of genes but activate a distinct set of genes.
We have subsequently corroborated the expression array data by qRT-PCR (Figure 4 ). The samples that were used for these experiments were obtained independently of the ones obtained for the microarray analyses. The selected genes showed an increased expression following the knockdown of either NIPP1 or EZH2 (Figure 4a ), only an increased expression after the knockdown of NIPP1 (Figure 4b ), a decreased expression following the knockdown of either NIPP1 or EZH2 (Figure 4c ) or only a decreased expression after the knockdown of NIPP1 (Figure 4d ).
NIPP1 is associated with PcG target genes
To examine whether NIPP1, like the PRC2 core components, is associated with PcG target genes, we Residual plot of the linear regression of the log 2 -transformed knockdown to control ratios for EZH2 versus those for NIPP1 including all the data points with significantly (Po0.05) altered expression after NIPP1 knockdown. The data points are ranked in function of the fold change. To illustrate the residual shift, separate regression lines for the residuals were added for downregulated and upregulated data points. (e) Scatter plots of the log 2 -transformed knockdown to control ratios for EZH2 versus those for NIPP1, including the data points with significantly (Po0.05) upregulated (left panel) or downregulated (right panel) expression after NIPP1 knockdown. The Pearson's correlation coefficient (r) with confidence interval is shown in each plot.
NIPP1 is required for gene silencing by PcG proteins
M Nuytten et al performed chromatin immunoprecipitations (ChIP). To validate the used NIPP1 antibodies we first examined the association of NIPP1 with MYT1, a well-established PRC2 target gene Bracken et al., 2006; Vire´et al., 2006) . In these experiments, EZH2 served as a positive control and glyceraldehyde-3-phosphate dehydrogenase as a negative control. NIPP1 was clearly enriched on the MYT1 gene, as detected by both agarose gel electrophoresis (Figures 5a and b) and qPCR ( Figure 5c ). Importantly, the enrichment of NIPP1 on MYT1 (Figure 5c ) and the immunodetection of NIPP1 (Figure 5d ) could be competed for by the addition of the -(335-351) , attesting to the specificity of the used NIPP1 antibody.
As an extension of our analysis of the association of NIPP1 with PcG target genes, we selected a set of 21 genes that showed a significantly altered expression in PC-3 cells after the knockdown of NIPP1 and/or EZH2 (Figure 3) , and that were recently identified as likely PcG target genes because of trimethylation on H3K27 and association with Suz12 Bracken et al., 2006; Lee et al., 2006) . In addition, we included in our analysis four established EZH2 target genes (MYT1, WNT1, KCNA1 and MSMB) and CDC6 as negative control Bracken et al., 2006; Vireé t al., 2006 . All these genes were classified in eight groups (A-H), based on their expression response following the knockdown of NIPP1 (Figure 6a ) or EZH2 (Figure 6b) . A ChIP analysis in PC-3 cells was performed with NIPP1, EZH2 and H3K27Me3 antibodies, and using a single primer set to amplify up to 250 bp mostly mapped to 1000-2000 nucleotides upstream of the transcriptional start sites. Rabbit anti-mouse immunoglobulines were used as a control. Using a cutoff of twofold enrichment, as compared to CDC6 (last lane), NIPP1 was associated with a majority of the selected genes (Figure 6c ). Importantly, EZH2 was nearly always associated with the same loci (Figure 6d ). That not all selected gene fragments showed an enrichment for NIPP1 and EZH2 was not unexpected since only a single primer set was used for our analysis and since it is well known that the targeting of PRC2 complexes can be limited to specific gene fragments (Bracken et al., 2006; Beke et al., 2007) . Importantly, 18 of the 25 selected gene fragments were more than 10-fold enriched for trimethylation of the associated nucleosomes on H3K27, but the extent of trimethylation varied considerably between the different genes (Figure 6e ). Intriguingly, NIPP1 and EZH2 were also associated with some genes that were downregulated following the knockdown of NIPP1 and/or EZH2 (groups C, D and F), and at least some of these genes were trimethylated on H3K27. This is consistent with recent findings that some PcG targets are activated by Polycomb signaling (Pasini et al., 2007; Shi et al., 2007) .
To confirm the association of NIPP1 with PcG target genes in a different cell line, and with a distinct and unbiased approach, we performed a ChIP on chip analysis in HeLa cells. This technique involves a ChIP followed by a microarray analysis of the precipitated DNA (Kirmizis and Farnham, 2004) . Following a ChIP with NIPP1 antibodies or control IgGs, the precipitated DNA was linker-mediated (LM)-PCR-amplified and hybridized onto CGH (comparative genomic hybridization)-1Mb-3K-2 arrays. These arrays consist of 3434 BACs of 150 kb on average, covering the full human genome with a 1 Mb resolution. All the BACs were represented twice on the array and two separate hybridizations were done with color flip. NIPP1-associated DNA was found to be enriched at least 1.3-fold (Student's t-test; Po0.05) on 44 BACs and 32 of these comprised one or more genes (Table 1) . Eight BACs did not contain any gene but were flanked within 50 kb by at least one gene. Since PcG-mediated gene silencing often involves large chromatin fragments (100-200 kb), the flanking genes also represent candidate NIPP1 target genes. Finally, only 4 BACs did not contain any gene and were not flanked by genes within 50 kb. In total, 121 genes were identified in the NIPP1-associated BACs or within 50 kb of their flanking sequences. Of these, 35 (29%) were identified as likely PcG target genes based on recently published genome-wide PcG targetscreens Bracken et al., 2006; Lee et al., 2006; Squazzo et al., 2006) . This number is much higher than expected from the random distribution of PcG target genes, which, according to recent estimates (Bracken et al., 2006; Lee et al., 2006) , represents at the very most 10% of all genes. Collectively, our data show that NIPP1 binds in vivo to genomic regions that are enriched in PcG target genes. 
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NIPP1 is required for the H3K27 trimethylation of many of its target genes Next, we examined whether NIPP1 target genes are trimethylated on H3K27 by an NIPP1 and EZH2-dependent mechanism. For these experiments we selected five genes that were trimethylated on H3K27, each from a distinct group, as defined in Figure 6 . The RNAi-mediated knockdown of either NIPP1 or EZH2 resulted in a loss of trimethylation of three out of these five genes (Figure 7) , consistent with the notion that both NIPP1 and EZH2 are required for the initiation and/or maintenance of H3K27 trimethylation. That not all selected genes showed a decreased trimethylation on H3K27 is in accordance with published data showing that the loss of this histone modification within the time frame of EZH2 knockdown experiments (48 h) can be limited to nucleosomes associated with specific gene fragments (Cao and Zhang, 2004b; Beke et al., 2007) . Intriguingly, a decreased trimethylation on H3K27 can be associated with an increased expression (RPS6KC1, AGPAT4) as well as with a decreased expression (COL2A1), consistent with recently published data (Pasini et al., 2007; Ringrose, 2007; Shi et al., 2007) .
Discussion
NIPP1 is required for PRC2-mediated gene silencing
We have obtained various independent lines of evidence that are consistent with an essential role for NIPP1 in the initiation and maintenance of PcG-mediated gene silencing. Firstly, the knockouts of NIPP1 (Figure 1 ; Van Eynde et al., 2004) , EZH2 (O'Carroll et al., 2001) or EED (Faust et al., 1995) in mice are all associated with a similar phenotype, namely a deficient early embryonic trimethylation of H3K27 and an embryonic lethality at or around gastrulation (6.5-8.5 dpc). Similarly, knockdown experiments in cultured cells disclosed an essential function for all of these proteins in the trimethylation of H3K27 and in proliferation (see Figure 2 for NIPP1). Secondly, NIPP1 and EZH2 silence a common set of genes ( Figure 3 ) and NIPP1 is associated with at least a large subset of established PcG target genes (Figures 5 and 6 , Table 1 ). Thirdly, in a subset of the Polycomb target genes, the knockdown of either NIPP1 or EZH2 is correlated with a decreased trimethylation of H3K27 (Figure 7) .
What is the role of NIPP1 in PcG-mediated gene silencing? NIPP1 does not appear to be required for the synthesis or stability of EZH2, as indicated by the normal level of EZH2 in NIPP1-deficient cells (Figure 2 ). Although we cannot rule out the possibility that NIPP1 affects the substrate specificity or specific activity of EZH2 as an H3K27 methyltransferase, it is known that an in vitro reconstituted complex of EZH2, EED and SUZ12 is active (Cao and Zhang, 2004b) . We have also excluded the possibility that NIPP1 promotes the activation of EZH2 via dephosphorylation of phospho-Ser21 by 
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I g G N I P P 1 a b N I P P 1 a b + a n t ig e n i c p e p t id e NIPP1 is required for gene silencing by PcG proteins M Nuytten et al NIPP1-associated PP1 (Figure 1d ). Since NIPP1 is part of a macromolecular complex that contains EZH2 and EED (Roy et al., 2007) , has distinct interaction sites for EED (Jin et al., 2003) and EZH2 (Roy et al., 2007) and is also a nucleic acid-binding protein (Jagiello et al., 1997; Jin et al., 1999) , this leads to the enticing hypothesis that NIPP1 plays a role in the targeting of the PRC2 complex to at least a large subset of its target genes. FGF5  ID2  RPS6KC1  TMEM27   AGPAT 4 down  C14ORF39  C20ORF103  NMU  AGR2  LASS6  LPGAT1  SLC40A1  COL2A1  GJB2  YAF 2  EFCBP1  SLC35F3  STC2  IMPDH1  FZD6  MYT1  WNT1  KCNA1  MSMB Figure 3 . The expression level of KCNA1 and MSMB (class H) was under detection limit of the microarray reading after knockdown of NIPP1 or EZH2 in PC-3 cells. The numbers on the y axis represent the fold changes in gene expression (log 2 ratio), as compared to the control siRNA. ChIP analyses using antibodies against NIPP1 (c), EZH2 (d), H3K27Me3 (e) and rabbit anti-mouse immunoglobulines (IgG, control) were performed in PC-3 cells. The precipitated DNA was amplified by real-time quantitative PCR (qPCR) using primers specific to the promoters (between 1 and 2 kb upstream of the transcriptional start site) of the indicated genes. The primer sets for MYT1 and MSMB were located at about 400 and 6000 bp downstream of the transcriptional start site, respectively. CDC6 was used as negative control. The data are expressed as fold enrichment (means7s.e.; n ¼ 3-6), as compared to the negative control with IgGs. Only the BACs are shown that were at least 1.3 times enriched following ChIP with NIPP1 antibodies, as compared to the ChIP with control antibodies (Student's t-test, Po0.05). The genes in the identified BAC or within 50 kb of their flanking sequences are mapped by ensemble (http:// ensemble.org). Gene names in bold are established candidate PcG target genes (Zeidler et al., 2005; Bracken et al., 2006; Lee et al., 2006; Squazzo et al., 2006) .
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Our previous studies identified NIPP1 as a premRNA splicing factor that interacts in vivo with the splicing factors Cdc5L and SAP155, and is needed for a late step of spliceosome assembly (Boudrez et al., , 2002 Beullens and Bollen, 2002) . We currently do not know whether the splicing function of NIPP1 is somehow linked to its transcriptional repressor function. While our study is the first implicating a pre-mRNA splicing factor in H3K27 trimethylation, there are other reports linking pre-mRNA processing factors to histone methylation. For example, the NIPP1 ligand and U2 snRNP component SAP155 was recently reported to be required for PcG-mediated gene silencing and to interact with PRC1 components (Isono et al., 2005) . Since NIPP1 interacts with PRC2 components (Jin et al., 2003; Roy et al., 2007) as well as with phosphorylated forms of SAP155 (Boudrez et al., 2002) , it is tempting to speculate that NIPP1 contributes to interactions between PRC1 and PRC2.
Does NIPP1 have a role in oncogenesis?
NIPP1 is required for the trimethylation of H3K27 by the oncogene EZH2 (this work) and interacts with protein kinase MELK (Vulsteke et al.,. 2004) , which has also been identified as an oncogene. Indeed, EZH2 and MELK are required for cell proliferation (Varambally et al., 2002; Bracken et al., 2003; Gray et al., 2005; Lin et al., 2007) and their expression level is increased, often as a result of gene amplification, in a wide range of cancers, which correlates with the aggressiveness of cancer and a poor prognosis (Varambally et al., 2002; Kleer et al., 2003; Stanbrough et al., 2006; Lin et al., 2007) . MELK has also been shown to control stem cell proliferation but it is not known whether this contributes to its putative role in oncogenesis. The neoplastic properties of EZH2 require its catalytic activity, indicating that it promotes tumorigenesis by repressing specific tumor suppressor genes . Our finding that NIPP1 is also required for cell proliferation and for global trimethylation of H3K27 indicates that it may itself also be an oncogene. It will therefore be important to examine the concentration and regulation of NIPP1 in cancer and to explore whether NIPP1 acts tumorigenic.
In conclusion, we have identified NIPP1 as a novel player in PRC2-mediated gene silencing, in that it is required for the initiation and maintenance of global trimethylation of H3K27 by EZH2. Additional work is needed to elucidate the mechanistic details and to explore the role of other NIPP1 ligands in this process.
Materials and methods
Antibodies
Polyclonal anti-H3K27Me3 (07-449) and anti-H3K9Me3 (07-442) antibodies were obtained from Upstate (Dundee, UK), and anti-Histone H3 (ab1791), anti-H3K4Me2 (ab7766) and anti-H4K20Me3 (ab9053) antibodies from Abcam (Cambridge, UK). For the immunostainings, goat anti-NIPP1 (ab5300) was delivered by Abcam, mouse anti-EZH2 (AC22) was purchased from Cell Signaling technology (Danvers, MA, USA) and rabbit anti-phospho-Ser21-EZH2 from Bethyl Laboratories (Montgomery, TX, USA). Rabbit anti-mouse immunoglobulins (control IgG) were purchased from DakoCytomation (Gostrup, Denmark). Synthetic fragments of human EZH2 (14-CWRKRVKSEYMRLRQLK-30), human SIPP1 (627-DDVYEAFMKEMEGLL-641) and human NIPP1 (341-PGKKPTPSLLI-351), coupled to keyhole limpet hemocyanin, were used to generate polyclonal antibodies in rabbits. The antibodies were affinity-purified on the bovine serum albumin-coupled peptides linked to CNBr-activated Sepharose 4B. siRNA Sense and antisense RNA oligonucleotides were chemically synthesized and annealed to form siRNA duplexes targeted against human NIPP1 (GGAACCUCACAAGCCUCAGCA AAUU; Stealth RNAi, Invitrogen, Paisley, UK) and human EZH2 (GACUCUGAAUGCAGUUGCUdTdT; Dharmacon, Chicago, IL, USA). A scrambled version of the NIPP1 siRNA duplex (GGAACUCGAACCUCCACGAACAAUU; Stealth RNAi, Invitrogen) was used as negative control. PC-3 cells were transfected using Lipofectamine 2000 (Invitrogen), samples for immunobot analysis and qRT-PCR were taken at the indicated time points.
Quantitative RT-PCR Total RNA was isolated using the Genelute Mammalian Total RNA Miniprep kit (Sigma, St Louis, MO, USA). RNA (1-5 mg) was reverse-transcribed with oligo dT primer (Sigma) and the M-MulV reverse transcriptase (Fermentas, GmBH, St Leon-Rot, Germany). About 1.5% of this cDNA was PCRamplified in duplicate or triplicate using a Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) in a Rotorgene detection system (Corbett Research, Cambridge, UK). The quantitative PCR reactions were performed under conditions that were standardized for each primer pair. To compare the relative amount of target in different samples, all values were Gene expression analysis Total RNA was extracted from PC-3 cells transfected with a control siRNA or with siRNAs for NIPP1 or EZH2, as described above. For each treatment, RNA was prepared from four independent experiments. Targets for microarray hybridization were generated from the RNA according to the supplier's instructions (Agilent). The Whole Human Genome Oligo Array (Agilent) was used for gene expression profiling.
The microarray data were analysed as described in detail in the online section within the Supplementary Materials and Methods section. All microarray data are available at ArrayExpress under the accession number e-tabm-128 (password ¼ spiachle).
Chromatin immunoprecipitations
ChIP reactions were performed according to the protocol of Upstate, with some modifications as described in the section with Supplementary information. For normal chromatin IPs, the immunoprecipitated DNA was quantified by real-time qPCR. The sequences of the PCR primers are available upon request. For the ChIP on chip analysis, the immunoprecipitated DNA was amplified by LM-PCR, as described previously (Kirmizis and Farnham, 2004) , and hybridized to the human CGH-1Mb-3K-2 array manufactured by the VIB Microarray Facility in Belgium (http://www.microarrays.be/). More detailed information on the analysis of the data of ChIP-chip is described in the online section within Supplementary Materials and methods.
Cell culture and immunostainings
Male PC-3 cells were cultured as monolayers in 50% Dulbecco's modified Eagle's medium (DMEM) and 50% Ham's F12 with 10% fetal calf serum (FCS). HEK293T and HeLa (female) cells were cultured in DMEM with 10% FCS. Blastocyst outgrowth experiments and immunostainings were performed as described by Van Eynde et al. (2004) . Microscopy was performed with a confocal microscope (Zeiss LSM 510).
